Summary: While immunomodulatory monoclonal antibodies (mAbs) have therapeutic efficacy against many tumors, few patients are cured. Attempting to improve their therapeutic efficacy we have applied the TC1 mouse lung carcinoma model and injected established subcutaneous tumors intratumorally with 3 weekly doses of various combinations of mAbs. Combinations of mAbs to CTLA4/PD1/CD137 (the 3 mAb combination) and to CTLA4/PD1/CD137/CD19 (the 4 mAb combination) were most efficacious to induce complete regression of both the injected tumor and an untreated tumor in the same mouse. Tumor cure was consistently associated with shifting a Th2 to a Th1 response in tumor-draining lymph nodes and spleen and it involved epitope specific and long-lived memory T cells as well as M1 macrophages. This shift and accompanying tumor rejection was harder to achieve as the treated tumors increased in size. Relapse of tumors which had initially regressed following treatment with immunomodulatory mAbs was associated with return of a Th2 microenvironment in tumors, tumor-draining lymph nodes and spleens rather than the emergence of immune-resistant tumor cells. While mAbs to CTLA4 plus PD-1 were therapeutically ineffective, combining the 2 of them with intraperitoneal cisplatin, 10 mg/kg, induced long-term complete tumor regression in most mice with small TC1 tumors and the therapeutic efficacy against larger tumors improved by administrating cisplatin together with the 3 or 4 mAb combination.
I
t has been known since the 1960s that tumor-bearing subjects, humans as well as mice, form a cell-mediated antitumor immune response that is detectable in vitro also when the tumor burden is large. 1 More recently, promising approaches have been introduced to make tumor immunity therapeutically effective both in mice [2] [3] [4] [5] [6] [7] and human patients. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Most clinical success has been obtained by administering immunomodulatory monoclonal antibodies (mAbs) to counteract the immunosuppressive tumor microenvironment. Although relatively few patients have been cured, such mAbs are becoming key contributors to the treatment of cancer. Trying to extend their ability to cure established tumors we apply mouse tumor models and presently focus on the TC1 lung carcinoma whose human papillomavirus (HPV) epitopes facilitate analyses with tetramers.
A Th2 type inflammation at the tumor site facilitates carcinogenesis and tumor progression. [19] [20] [21] The cervix mucosa from women infected with high-risk HPV provides a good model to investigate this, since the causative agent is known and the stages characterizing the progression from premalignant carcinoma in situ (CIN1) to invasive cancer are well defined. Already at CIN1 the mucosa is infiltrated by lymphocytes expressing B-cell or plasma cell markers, and cellular infiltration characteristic of a Th2 type response increases during progression to invasive carcinoma. 22, 23 Likewise, increased numbers of lymphocytes expressing the B-cell marker CD19 and tumor-associated Th2 lymphokines can be detected in tumor-draining lymph nodes (TLN) shortly after mice have been transplanted with cells from the TC1 lung carcinoma. 6, 23 In view of the dominant role of a Th2 response during carcinogenesis and tumor progression we hypothesized that shifting the tumor microenvironment to Th1 can induce regression and have published results with the SW1 and B16 melanoma, TC1 lung carcinoma, and 1D8 ovarian carcinoma which support this hypothesis. 5, 6 Long-term regression of established mouse tumors was demonstrated with mAbs targeting CD137/PD-1/CTLA4/CD19 (the "4 mAb combination") or CD137/PD-1/CTLA4 (the "3 mAb combination") and intratumoral mAb delivery was found to be more therapeutically effective than systemic administration. 6 We now show that a sustained immunologic shift from a Th2 to a Th1 milieu is fundamental for treatment to be curative, that this shift is harder to achieve with a larger tumor load, and that recurrence of treated tumors is associated with a return of a Th2 tumor microenvironment. We also extend our previous demonstration that cisplatin acts synergistically with immunomodulatory mAbs. 24 A combination of anti-CTLA4, and anti-PD-1 mAbs together with cisplatin, all approved for clinical application in humans, cured ∼50% of mice with small TC1 tumors and the therapeutic efficacy against larger TC1 tumors improved by also including mAb to CD137 or to CD137 plus CD19.
MATERIALS AND METHODS

Tumor Lines and Mice
TC1 25 is a C57BL/6 lung carcinoma line transfected with HPV-16 E6 and E7, SW1 is a clone derived from the K1735 melanoma of C3H origin, 26 and B16 is a clone derived from a spontaneous melanoma in a C57BL/6 mouse. 27 Tumor cells were cultured in IMEM supplemented with 10% fetal bovine serum (Atlanta Biological, Norcross, GA), penicillin, and streptomycin before cell suspensions were prepared and transplanted to syngeneic mice.
Six to 8-week female C57BL and C3H mice were purchased (Charles River Laboratories, Wilmington, MA). The animal facilities are certified by the Association for Assessment and Accreditation of Laboratory Animal Care, and our protocols are approved by the institution (University of Washington).
mAbs for Immunotherapy
The following mAbs were purchased from BioXcell: anti-CD137 (Rat IgG1; LOB12.3; Cat. #BE0169), anti-PD-1 (Rat IgG2a; RMP1-14; Cat. #BE0146), anti-CTLA4 (Mouse IgG2b; 9D9; Cat. #BE0164), anti-CD19 (Mouse IgG2b; 1D3; Cat. #BE0150), anti-PD-L1 (Rat IgG2b; 10F.9G2, Cat. #BE0101), and control (Rat IgG2a; 2A3; Cat. #BE0089). In most experiments we applied mAbs to CD137/CTLA4/PD-1 or to CD137/CTLA4/PD-1/CD19, referred to as the 3 and 4 mAb combinations, respectively.
Animal Studies
In most experiments, 5×10 5 tumor cells were transplanted subcutaneously (SC) on the right flank. When the mice had tumors of about 30 (or 60 when indicated under the Results section) mm 2 surface area, they were randomized into treatment groups and injected with mAb combinations, 0.5 mg of each mAb; the mAbs (200 μL) were injected intratumorally (IT) at weekly intervals for a total of 3 times; as control, mice were injected IT with the same dose of irrelevant IgG mAb. In many experiments (see the Results section) mice were also injected with cisplatin (10 mg/kg), which was given intraperitoneally (IP). Mice were monitored daily for evidence of toxicity, and 2 perpendicular tumor diameters were measured twice/week and tumor surfaces were calculated. Overall survival was recorded.
We also performed experiments in which mice were transplanted with 5×10 5 TC1 cells SC on their right and 1.5×10 5 TC1 cells on their left flank. When the right tumors had ∼5 to 6 mm and those on the left side 2 to 3 mm mean diameter, we commenced treatment by injecting IT, a combination of mAbs into the right tumors while leaving the left tumors untreated; this treatment was repeated twice at weekly intervals, as for the other experiments.
For in vitro mechanistic studies, mice were euthanized and samples were obtained of spleens and TLN and in some experiments also from tumors as tumor-infiltrating lymphoid cells (TIL). Samples were prepared for flow cytometry and quantitative polymerase chain reaction (qPCR).
In order to investigate the different responses to treatment of big and small tumors, 5×10 5 TC1 cells were transplanted SC on the right side of the back. When the mice had a tumor of either about 8 or 4 mm in diameter they were injected IT with the 3 mAb combination given either alone or together with cisplatin IP; the mAb combination was also injected, IT, on days 7 and 21. For comparison, one group of tumor-bearing mice only received control mAb and another group comprised naive mice which were injected SC with the 3 mAb combination and also given cisplatin IP. The mice were euthanized after 3 and 24 days when TLNs and spleens were collected and their cells were analyzed by fluorescence-activated cell sorting (FACS) and qPCR.
We also investigated the immune responses in mice which had sustained long-term tumor regression by IT injection of the 3 mAb combination either 3 or 6 months before they were euthanized; for comparison we investigated cells from naive and from tumor-bearing controls. Lymph node and spleen cells were analyzed by FACS and qPCR.
Flow Cytometry
Single cell suspensions from spleens and lymph nodes were prepared as described. 6 TIL were isolated from pooled tumors as described. 26 All flow cytometry experiments were performed at least 3 times. Single cell suspensions were incubated with mouse Fc receptor binding inhibitor for 10 minutes before staining with antibodies to CD45 (clone 30-F11), CD3 (clone 145-2C11), CD4 (clone GK1.5), CD8 (clone 53-6.7), CD19 (clone eBio1D3), CD86 (clone GL1), CD11b (clone M1/70), Gr-1 (clone RB6-8C5), CD69 (clone H1.2F3), CD44 (clone IM9), CD62L (clone MEL-14), and CD11c (clone N418; all from eBioscience, San Diego, CA) for 30 minutes. Flow cytometry was performed using FACS Calibur (BD Biosciences) and the lymphocyte population was selected by gating CD45 + cells. The data were analyzed using Flow Jo software (Tree Star, Ashland, OR). For tetramer staining, 10 μL of PE labeled HLA-A*02:01 Human HPV16 E7 tetramer (NIH Tetramer Core Facility) was added to 200 μL mouse lymphocyte suspension (1×106 cells per tube). After incubation for 30 minutes, cells were centrifuged and resuspended in phosphate-buffered saline with 1% paraformaldehyde and then analyzed by flow cytometry. PE labeled HLA-A*02:01 human mesothelin tetramer (NIH Tetramer Core Facility) was used as control. qPCR qPCR assays were performed on 4 mice per treatment group to assess the transcription levels of genes of Tbx21, IFNγ, Il12, TNFα, Gata3, IL4, TIM3, IDO1, Ahr, and p27. Total RNA was extracted from tumors and TLNs and reverse transcribed to cDNA using the First Strand cDNA synthesis kit (Fischer Scientific, IL). Subsequently, cDNA was measured by qPCR assays on ABI Prism 7900 Sequence Detector System (Applied Biosystems, Foster City, CA). The relative quantification was performed using the ΔΔCt method described by the manufacturer.
Statistics
Results were expressed as mean ± SEM. Student t test was used to compare the statistical difference between 2 groups and 1-way analysis of variance was used to compare 3 or more groups. Kaplan-Meier survival analyses were performed using GraphPad Prism 5, and the GehanBreslow-Wilcoxon test was used to determine significance. P < 0.05 was considered to be statistically significant.
RESULTS
Immunomodulatory mAb Combinations Can Cure Mice With Established TC1 Tumors and Cisplatin Dramatically Improves the Therapeutic Efficacy
As shown in Figure 1 , the 3 and 4 mAb combinations (anti-CTLA4/PD-1/CD137 and anti-CTLA4/PD-1/CD137/ CD19, respectively) induced complete tumor regression in 6 of 15 (40%) and 9 of 20 (45%) mice, respectively, which had TC1 tumors of ∼30 mm 2 surface area when first treated. In contrast, mAbs to CTLA4, CD137, PD-1 or PDL1 were
We next performed a similar experiment with mice that had TC1 tumors on both sides of the back, injecting the tumors on the right side with the mAbs. As shown in Figure 1B , cisplatin plus the 3mAb combination dramatically prolonged survival while cisplatin or the mAbs by themselves had <10% efficacy. The reason why the mAb combination alone was less efficacious than in Figure 1A is that the tumor load (2 per mouse) was larger when treatment commenced. There was a close relationship between the growth of the injected and untreated tumors in the same mice, demonstrating that the IT injection of mAb combination induced a systemic effect (Fig. 2) .
Immunomodulatory mAb Combinations More Effectively Induce a Th1 Response and Regressions When the Tumors are Small
Mice which had SW1, B16 or TC1 tumors with a surface area of 30 (smaller) or 64 (larger) mm 2 were injected IT with the 4 mAb combination, which was repeated weekly for 2 more times. As shown in Figure 3A , complete regression of SW1 and B16 tumors was significantly more frequent with the smaller tumors and treatment of larger TC1 tumors did not prolong survival at all.
To relate the therapeutic response to the in vitro findings, a similar experiment was performed with mice which had TC1 tumors on one side of the back with a surface area of either 30 (smaller) or 64 (larger) mm 2 . The mice received the mAb combination weekly, given alone or together with one administration of cisplatin IP on the first day of mAb injection. Groups were also included with untreated tumorbearing mice and with naive mice which received the mAb combination SC and cisplatin IP. The mice were euthanized 3 or 24 days after the first mAb injection and their immune status investigated. As shown in Figure 3B , the mAb treatment generated high Tbx21/Gata 3 ratios in TLN and spleens in mice with small tumors but not in mice with large tumors, and it increased expression of INFγ in mice with small tumors (Fig. 3C) . Furthermore, it more effectively generated CD69 + activated T cells, long-term memory (CD44 + CD62L − ) T cells and epitope specific T cells (Fig. 3D ) in mice with small tumors and fewer CD11b + Gr1 + myeloid derived suppressor cells. The findings were similar for TLNs and spleens. An immunologic profile analogous to that in responding mice was seen in naive mice injected with the 3 mAb combination plus cisplatin. We also investigated the immune status of TLNs and spleens from mice whose tumors remained regressed 3 or 6 months after the first administration of the 3 mAb combination plus cisplatin; in parallel, the lymph nodes and spleens were tested from naive (ie, not tumor transplanted) mice which were injected with the 3 mAbs SC plus cisplatin IP. The reactivity of TLN from cured mice and from treated naive mice was similar (data not shown), while spleens from cured mice had a stronger Th1 response than spleens from the naive mice. The Tbet/Gata3 ratio with lymphoid cells from the cured mice was higher than from tumor-bearers, and the ratio was higher 3 months after the first treatment as compared with 6 months (Fig. 4) indicating that the mAbinduced Th1 response decreases with time.
Relapse of Treated Tumors is Associated With a Th2 Tumor Microenvironment and Not With Selection of Immunotherapy Resistant Cells
Eight of 45 (18%) mice which macroscopically rejected their TC1 tumors relapsed 20 to 40 days after the last mAb administration, while the other 37 regressors remained tumor free for an observation period > 100 days. Two types of experiments were performed to investigate the mechanisms responsible for the relapse.
First, cells were isolated from a relapsing TC1 tumor and cultured in vitro after which they were transplanted to mice whose resulting tumors were treated with the 3 mAb combination plus cisplatin. As shown in Figure 5 the therapeutic efficacy was similar to the original tumors that were not derived from recurrent tumors.
Second, we tested cells from TLN and spleens of mice whose treated tumors had relapsed after 2 to 3 weeks of temporary regression and compared the data with those from mice whose tumors remained regressed. As shown in Figure 6 , lymphoid cells from mice whose tumors recurred were consistently of the Th2 type and thus similar to lymphoid cells from nonresponders. In contrast, mice whose tumors remained regressed had decreased numbers of CD19 cells (Fig. 6A ) and expanded numbers of CD3 (Fig. 6A) , CD4 (Fig. 6E) , and CD8 cells (Fig. 6E) , including CD3 cells with increased expression of the activation marker CD69 (Fig. 6B) , and there was a higher percentage of T cells which were positive for the E7 tetramers (Fig. 6D ) in mice whose tumors remained regressed. In the relapsing mice, the number of CD44 + CD62l − effector memory T cells was decreased (Fig. 6C) as compared with regressors. PCR data supported the notion that mice with recurrent tumors had a Th2 response (Fig. 6F ) in TLN and spleens. In contrast, mice whose tumors remained regressed had significantly increased expression of Th1-related genes such as Tbx21, IL12, IFNγ, TNFα and a decreased expression of Th2 genes such as Gata3, IL4, TIM3. In some mice the treated tumor remained stable for a period of time and then recurred while other tumors gradually regressed and did not come back within an observation period over 6 months, that is, they were most likely cured. In order to clarify the underlying mechanism, we compared by flow cytometry and qPCR TLN and spleen cells from mice whose treated tumors either regressed or remained stable. As shown in Figure 7 , more CD3, CD4, CD8 and CD11c + CD86 + cells and fewer CD11b + Gr1 + cells were found in the regressing mice and their Th2-related genes such as GATA3, Il4 and TGFβ were dramatically increased, supporting the view that a shift from Th2 immune response to Th1 response plays a key role for tumor regression.
As reported by Liu et al, 28 although IFNγ signalling triggers tumor cell apoptosis, it can induce tumor cell FIGURE 4. Quantitative polymerase chain reaction data for spleen cells from mice whose TC1 tumor regressed and did not recur after treatment with the 3 mAb combination intratumorally plus cisplatin intraperitoneally. Naive mice received the 3 mAb combination subcutaneous and cisplatin intraperitoneally; data are included from tumor-bearing mice which received control mAbs and no cisplatin. The data indicate that a shift from Th2 to Th1 immune status accompanies the cure of TC1 tumors. IFN indicates interferon; IL, interleukin; mAb, monoclonal antibody. FIGURE 5. Tumor cells were collected from a treated tumor which recurred and cultured in vitro. Subsequently, the cultured tumor cells were transplanted to C57 mice and 3 times weekly tumor injection with the 3 mAb combination, with or without an initial dose of cisplatin, was started on day 7. mAb indicates monoclonal antibody.
dormancy when IDO1 and AhR are highly expressed at the tumor site. As shown in this and previous studies, treatment with "our" mAb combinations significantly increases the produce of IFNγ, and we observed that sometimes TC1 growth was inhibited for a period of time after which it resumed. We investigated, therefore, tumors whose growth was stabilized after treatment. Our data indicated a high level of IFNγ in the "dormant" tumors and involvement of the IDO1-AhR-p27 signal pathway (Fig. 7C) . We speculate that an IDO or Ahr inhibitor could abrogate the IFNγ-induced tumor dormancy and result in enhanced therapeutic efficacy.
TILs from responding and nonresponding mice were also analyzed. As shown in Figure 8A , a much higher level of CD3 cells was found in responding tumors and many more CD11b + Gr1 + cells in nonresponding ones (Fig. 8B ). Relapsing mice had larger spleens than mice which remained tumor-free, the number of CD11b + Gr1 + cells in their spleens was about 5-fold higher (Fig. 8B) , and these cells expressed higher level of IDO (Fig. 8B) . According to qPCR, expression of arginase 29 was much higher in the splenocytes from mice with recurrent tumors, indicating that they were of the M2 phenotype while splenocytes from cured mice had the M1 phenotype (Fig. 8C) . 
DISCUSSION
The promise of immunotherapy for cancer is now widely recognized. 30, 31 One of its advantages is the ability to destroy cancer cells in several ways, including antigenspecific and nonspecific cellular mechanisms, antibodydependent cellular cytotoxicity and molecules such as TNFα. Furthermore, the high mutability of cancer cells 32 creates new T-cell epitopes which can be recognized for tumor destruction 33 together with various shared tumor epitopes while a single therapeutic target is often lost during during tumor progression. Remarkable clinical successes have been seen with many tumors after administration of mAbs to anti-PD-1/PDL-1 and CTLA4 and further improved therapeutic efficacy is likely to result from combination with chemotherapy, additional immunomodulators, cancer vaccines, adoptive transfer of engineered cells, etc.
Our previous studies demonstrate that combinations of immunomodulatory mAbs to CTLA4/PD-1/CD137 or CTLA4/PD-1/CD137/CD19 (referred to as the 3 and 4 mAb combinations, respectively) can produce complete regression of established mouse tumors 5, 6 and that addition of cisplatin improves the therapeutic efficacy. 24 The present data expand these findings and show long-term tumor-free remission after treatment with immunomodulatory mAbs plus cisplatin when neither the mAbs alone nor the drug alone was curative. Our data also confirm the ability of cisplatin to counteract the immunosuppressive tumor microenvironment, 34 including a population of IDO positive MDSC which is tolerogenic. 35 Besides these immunosuppressive effects, a long-term tumor dormancy has recently been demonstrated, induced in a minor "stem-like tumor subpopulation" by IFNγ via an IDOkynurenine-aryl-hydrocarbon-receptor (AhR)-p27-dependent mechanism which protects from IFNγ-induced apoptosis and temporarily slows down proliferation 28 followed by recurrent tumor growth.
Importantly, complete regression was generated in approximately 50% of mice with established TC1 tumors by combining anti-CTLA4 plus anti-PD-1 mAbs with cisplatin, that is, by applying agents that are clinically approved for human patients. We hypothesize that the therapeutic efficacy can be further improved by drugs that counteract the induction of IDO by IFNγ whose level is increased by the immunomodulating mAbs. 28 It is noteworthy that combination of radiotherapy with immunomodulatory mAbs can also act synergistically. [36] [37] [38] FIGURE 7. A and B, Flow cytometry and quantitative polymerase chain reaction data for lymphoid cells of spleen from mice whose TC1 tumors were either completely regressed (cured) or not regressed (uncured) 3 days after the last treatment with the 4 mAb combination plus cisplatin. C, Quantitative polymerase chain reaction data for tumors from mice whose tumors were stable 3 days after the last treatment of 3 mAb combination as compared to untreated tumor-bearing control mice. IFN indicates interferon; IL, interleukin; mAb, monoclonal antibody.
As in our previous studies 5, 6 IT administration of immunomodulatory mAbs induces a systemic effect which can destroy a second, not-injected TC1 tumor in the same mouse and involves T lymphocytes, M1 macrophages, and natural killer cells, that is it involves both antigen specific and nonspecific mechanisms. The latter compensates for the fact that tumor antigens, and the ability of major histocompatibility complex (MHC) to present them, are commonly lost during tumor progression. 39 While intraveneous administration is clinically preferable, it is noteworthy that intratumoral delivery also of other therapeutic agents can generate a more effective systemic response. 40 The ability of immunomodulatory mAbs to shift the tumor microenvironment from Th2 to Th1 decreases with tumor size as does the therapeutic efficacy. We speculate that immunosuppressive molecules contributed by both the tumor cells and the tumor-bearing host such as PDL, IDO, TGF-β, IL10, tumor antigens, etc., are responsible to maintain a peripheral immunologic tolerance to the tumor, but this needs to be studied further.
The mAb induced Th1 response declines within weeks after mAb administration. This probably explains why several macroscopically regressed TC1 tumors relapsed, as the relapsed tumors were sensitive to the original treatment protocol. Importantly, lymphoid cells from recurrent tumors as well as from TLN and spleens from relapsing mice had the characteristics of a Th2 type inflammation, that is, the relapses were caused by failure of the immune system to retain a tumor-destructive Th1 response. Studies are needed to show whether prolonged treatment with the mAbs, cisplatin, and/or a therapeutic tumor vaccine can overcome this problem and we expect that monitoring Th1 and Th2 antitumor responses will be informative.
